Hydrodynamic techniques such as analytical ultracentrifugation can provide key information about subunit stoichiometry and interaction strengths of protein-nucleic acid interactions. Analysis is complicated by (i) the need for low concentrations in order to observe both free and bound species and (ii) thermodynamic non-ideality. With the introduction of fluorescence optics, we are able to obtain data at lower concentrations, and improved understanding of the statistical thermodynamics of macromolecular solutions has allowed non-ideality to be accurately assigned. With these developments, it is possible now to assay protein-nucleic acid interactions at concentrations typically used in molecular biology assays.
AUC (analytical ultracentrifugation)
AUC is one of the classic methods for determining the mass and gross shape of macromolecules in solution. Developed initially in the 1920s, there is a large body of theoretical and practical studies in the literature covering all aspects of the implementation of AUC [1] . The theoretical foundation of ultracentrifugation terms of thermodynamics and physical chemistry of macromolecules [2] , and the mathematical analysis of ultracentrifugation experiments [3] are all well developed. Although the technique went into a decline in the 1970s and 1980s, new instrumentation and numerical analysis methods in the 1990s caused a renaissance in the technique [4] .
Fundamentally, AUC is the application of a centrifugal force resulting in redistribution of the macromolecule. There must be a technique for observation, as well as a method of recording. Analysis can be performed from first principles, given quantitative and rigorous data on a particular sample. The quantity of material required is typically in the order of a few hundreds of micrograms. In general, affinities in the range of 10 −4 -10 −8 M can be determined; however, with the recent development of fluorescence optical systems, this can be extended down to 10 −9 -10 −10 M: affinities typical of proteinnucleic acid interactions. This development has also reduced sample requirement by at least two orders of magnitude, thus allowing for the first time these complexes to be characterized using molecular biology rather than biophysical amounts.
What experiments can I do with an AUC?
For the vast majority of AUC users, there are only two types of experiments: sedimentation velocity and sedimentation equilibrium. Each will be discussed in turn.
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Sedimentation velocity
In a sedimentation velocity experiment, the rotor is typically taken to speeds of 40 000-60 000 rev./min, where the vast majority of biological materials will sediment to the bottom of the cell. This process of sedimentation depends both on the size and shape of the macromolecule. If the sample is homogeneous, then it would sediment at the same rate. Furthermore, if there is any self-associating behaviour with concentration, then its apparent rate of sedimentation will change when either raising or lowering the loading concentration.
Sedimentation in the analytical ultracentrifuge is defined mathematically by the Lamm equation [5] :
This describes how the distinctive S-shaped profiles seen in sedimentation velocity experiments evolve with time (see Figure 1 ). One important feature of this equation is that there is no known analytical solution to it. However, with the advent of numerical methods capable of being run on an office computer or laptop, complex analysis of velocity experiments is within the reach of even the casual user of AUC. There are several software packages available to analyse sedimentation velocity data available as freeware. A good place to start investigating software options is the RASMB website (Reversible Associations in Structural and Molecular Biology) at http://www.rasmb.org. For an overview of current analysis, two recent books on analytical ultracentrifugation have been published [6, 7] .
Sedimentation equilibrium
At lower rotor speeds, the transport of a sample down the centrifuge cell is balanced by its desire to diffuse back up the cell due to the creation of a concentration gradient. As both sedimentation and diffusion rely on the same shape properties, they cancel each other out and the resultant The data were obtained in the analytical ultracentrifuge using absorbance optics, and data shown were taken at 50 min intervals apart. Features of the traces are: (A) and (B), the reference and solution channel meniscus respectively. These are typically offset so as to be visualized. (C) The plateau region. At the start of the run, the data will be completely flat; as the run proceeds, the plateau region falls. This is due to the sector-shaped cells used for centrifugation. (D) Cell base region. Sample will start to accumulate in this region as the run proceeds. For systems exhibiting thermodynamic non-ideality, the sample will start to diffuse back up the cell due to the repulsive intermolecular forces. For DNA at low (<150 mM) salt concentrations, this can be a significant effect. Practically, this leads to hypersharpening of the boundary regions, and slowing down of the sample under sedimentation. This will lead to both an underestimate in the sedimentation coefficient, and an overestimate in the diffusion coefficient. (E) The boundary region transported down the cell as sedimentation proceeds. The shape of this boundary, and how it evolves with time, provides most of the information about the sedimentation behaviour of the macromolecule under study.
equilibrium gradient is entirely dictated by the buoyant molecular mass (see Figure 2 ). As such, if one knows the buoyancy of the molecule (i.e. its partial specific volume) and the solution density, true solution molecular mass is returned.
A single species under ideal conditions is described by the equation:
where c(r 0 ) is the concentration at a reference radius, ε the molar absorption coefficient and d the optical path length [8] . At the left-hand extreme of the plot, the sample experiences its lowest concentration due to the upward curvature of the distribution. It can be clearly seen that the amount of dimer here is negligible; most of the distribution is due to the presence of monomers. As the concentration increases towards the cell base (right-hand side of the plot), the dimer concentration becomes significant. In order to sample a larger span of concentrations, typically either the loading concentration is increased or the speed of the rotor increased to steepen the distribution. 
Protein-nucleic acid interactions
For two components where A = protein and B = DNA forming a 1:1 complex, we can define the distribution at sedimentation equilibrium as
Analysis of protein-nucleic acid systems can be made more tractable by multi-wavelength analysis techniques [9] [10] [11] [12] , due to the differences in absorbance (A) at 260 and 280 nm of proteins and nucleic acids; such an analysis can be improved by the use of the interference optics of the Beckman XL-I as an additional further signal [11] . Such methods, however, do suffer from the fact that there is overlapping absorbance of proteins and nucleic acids at these wavelengths. Labelling the DNA with a chromophore or intrinsically labelling the proteins by incorporating fluorescent analogues of tryptophan, such as 7-azatryptophan or 5-hydroxytryptophan [13] [14] [15] , surmounts these problems.
Fluorescence detection systems
A significant recent advance in analytical ultracentrifugation analysis of protein-nucleic acid interactions is the introduction of a fluorescence detection system. Although at present capable of only working at a single excitation wavelength of 488 nm, this facility provides significant benefits to researchers in the field of protein-nucleic acid interactions. Due to the traditional absorbance and interference optics on the Beckman XL-I, the practical concentrations visible with the system are of the order of 10-100 μg/ml, which roughly corresponds to dissociation constants in the high-nanomolar range for reasonably sized proteins systems (approx. 50 kDa). Fluorescence optics has the capability of pushing this system down to the low-nanomolar range, and where practical the high-picomolar range. This is well within the range of 'typical' specific protein-nucleic acid interactions, and as such opens up the possibility of studying thermodynamics in solutions at concentrations comparable with the molecular biology activity-based studies.
Coping with high concentrations and thermodynamic non-ideality
One problem with working with DNA is that due to the charge exhibited at low salt concentrations there is a significant contribution from thermodynamic non-ideality. Classically, this arises from two major causes: excluded volume and charge. The first cause is simply due to the occupation of a significant volume of the solution by the sample: an effect that obviously has greater significance as the solute concentration increases. For most protein-nucleic acid systems, this term is negligible at the concentrations used in the analytical ultracentrifuge. The second, charge, is somewhat more significant. This arises due to the ionization of groups at a particular pH of the sample. For proteins, this can become significant as the sample pH moves significantly away for the pI of the protein; for DNA this is always a significant contribution. Measurement of non-ideality has generally been undertaken so as to note the magnitude of the effect in order to remove it from calculations of either molecular mass or dissociation constant. It is becoming increasingly evident that non-ideality itself, whether through charge or crowding effects, is a major driver of weak protein associations in vivo, and as such needs to be accounted for in any analysis. Accounting for non-ideality can be done as follows: the apparent molecular mass of the sample i in the presence of excess co-solute j is given by [16] 
where
and M b i, app are the weight/volume concentration, thermodynamic activity, buoyant molar mass and apparent buoyant molar mass respectively.
Thus
Using this methodology, we will be able to measure accurately γ i and be able to break this relationship down into virial coefficients by [16] 
Such an approach can also be exploited by the statistical mechanical approach of Wills and Winzor [17] [18] [19] once an exact model of solution aggregation state is known. The strategy set above using the approach of Minton [16, 20, 21] has the virtue of model independence as regards the number of species, or the nature of γ i . Once careful measurements of these quantities have been made over differing conditions, it is possible to use the relationship in eqn (4), along with the Wills and Winzor statistical mechanical approach, to derive precise and accurate virial coefficients for each interaction.
The magnitude and sign of these coefficients are important, as this determines the degree of interaction or repulsion between macromolecular species. A recent comparison of the second virial coefficients derived from sedimentation equilibrium and light scattering has found that they are nonequivalent [22] . Light scattering obtains the value B 2 , whereas sedimentation equilibrium obtains the value B 22 . We have shown that it is possible to expand B 2 into further terms via the relationship:
where B 23 is the second virial coefficient due to interaction between the solute and the co-solute, C 2 is the concentration of solute, and C 3 is the concentration of co-solute. The value of B 22 is the second virial coefficient as measured by sedimentation equilibrium in the analytical ultracentrifuge, whereas B 2 is the second virial coefficient measured by light scattering. Hence, we are able to obtain a parameter comparable with our previous work using both light scattering and sedimentation equilibrium [22] . B 22 can be decomposed into its contribution from excluded volume (B ex ) and charge [23] :
where R A is the equivalent radius of the protein, κ the inverse screening length (3.27×10 7 I 1 2 at 20 • C), I is the ionic strength (mol · ml −1 ) and N is Avogadro's number. At a sufficient salt concentration, charge is effectively screened and B 22 approaches an asymptotic value due to the just excluded volume (see Figure 3) , which by definition is positive. Hence, Non-ideality is a notoriously difficult concept to cope with in analytical ultracentrifuge work, and is especially acute when working with nucleic acids at modest (<150 mM) salt concentrations. Many hydrodynamic techniques such as light scattering and analytical ultracentrifugation use a virial expansion to account for non-ideal behaviour. However, these quantities derived from each technique are not equivalent as previously thought, but are a compound of each other (see text). The sedimentation equilibrium second virial coefficient (B 22 ) is made up of an excluded volume term and magnitude of the molecular charge. As such it is always positive. As ionic strength is increased, the contribution from the charge term lessens, until it reaches an asymptotic value equal to the excluded volume term (B ex ). The second virial coefficient derived from light scattering (B 2 ) can take negative values. This is as it is made up of a compound term between B 22 and B 23 , the latter being the contribution of non-ideality from solute/co-solute effects. As such this will be highly salt-and sample-dependent. Further strategies for breakdown of these contributions are covered in the text.
any deviation to an overall negative value of B 2 is due to the solute-co-solute interaction, B 23 . This is traditionally attributed to negative deviations from Raoult's Law due to the presence of electrolytes; the interpretation of this is in no means trivial, but potentially tractable with careful computation.
One potential benefit of such an analysis is the fact that a negative value of B 2 is thought to be diagnostic of crystallization. The analysis above would appear to suggest that this is a reflection of the solute-co-solute interaction and its deviation from ideality, rather than, as previously thought, a consequence of the solute-solute interactions of non-ideal self-associative behaviour.
Future perspectives
Using analytical ultracentrifugation to understand the protein-nucleic acid interactions provides information on subunit stoichiometry and the strength of interaction. The issues with using nucleic acids at the salt concentrations used in most 'typical' assays is the significant presence of thermodynamic non-ideality due to charge. Careful account of this can be made using a rigorous statistical thermodynamic approach, and information on the affinity of the complexes can be made. New optical systems for the analytical ultracentrifuge will provide the necessary experimental information in concentration regimes comparable with that used for molecular biology assays. The new optical system will be operational at the National Centre for Macromolecular Hydrodynamics at the University of Nottingham (http://www. nottingham.ac.uk/ncmh) from mid-2008, and will be available for use by U.K. users.
